The safety and efficacy of drug infusion into the carotid artery require adequate mixing of the infused solution with carotid blood. Using positron emission to mography (PET), we studied the mixing of solutions in fused into the human carotid artery in seven patients by analyzing the distribution of [150]H20 infused into the carotid artery and by vein. At four infusion rates ranging from 0.5 to 10 ml/min, the variability in distribution av eraged 16.5-17.8% among the pixels in a large volume of interest, without dependence on the infusion rate. The overall correlation between [150]H20 influx with arterial infusion and [150]H20 influx with venous injection was 0.78-0.82 at the four infusion rates, with no trend toward higher correlations at the faster infusion rates. The dis tribution into the anterior, middle, and posterior cerebral
Infusion of rapidly metabolized drugs directly into the carotid artery has the potential to deliver concentrations severalfold higher than intravenous infusion of the same dose (Fenstermacher and Cowles, 1977) . Intermittent infusion of chemother apeutic drugs into the carotid artery has long been used as an experimental approach to the treatment of brain tumors. The drug most commonly infused into the carotid artery is 1,3-bis-chloroethylni trosourea (BCNU) (Greenberg et al., 1984; Hoch berg et al., 1985; Kapp et al., 1985) . Our group is conducting a trial of continuous infusion of the ra diosensitizing drug 5' -bromodeoxyuridine (BUdR) for malignant gliomas (Greenberg et al., 1988) . artery territories differed from distribution throughout the entire carotid territory by an average of 6.2-9.6% at the four infusion rates, with no trend toward smaller differ ences at the faster infusion rates. Infusions performed into a vinyl tube simulating the carotid artery indicated that at 0.5 ml/min, the velocity of fluid exiting the catheter makes no apparent contribution to mixing. We conclude that with infusions at the carotid bifurcation, mixing in the human carotid artery is complete or nearly complete over a wide range of infusion rates. The mixing appears to result from the patterns of blood flow within the artery, and not from jet effects at the catheter tip. Key Words: Brain tumor-Carotid artery-Chemotherapy-Drug de livery-Intra-arterial drug infusion-Positron emission tomography.
For intracarotid drug delivery to be maximally effective, the drug must be well mixed with carotid blood, resulting in the delivery of equal concentra tions throughout the carotid distribution, including all parts of the tumor. If mixing were inadequate, delivery of low concentrations to parts of the tumor might account for treatment failure, while delivery of high concentrations to normal tissues might ac count for focal toxicity to normal tissues, including retinal toxicity and leukoencephalopathy reported after BCNU infusion (Shingleton et al., 1982; Kapp et al., 1982; Greenberg et al., 1984) .
The adequacy of mixing of solutions infused into the carotid artery with carotid blood has been ques tioned in reports from a group including Lutz et al. (1986) , Blacklock et al. (1986) , and Saris et al. (1988) . Lutz et al. studied mixing in a model of the human internal carotid artery including the origin of nine of its branches, fabricated in an acrylic block. Colored solutions were infused through a catheter at various rates, while a viscous solution flowing at 250 ml/min simulated blood flowing in the artery.
Solutions infused at slow rates (2 mllmin) were in completely mixed, while the mixing of solutions in fused at rapid rates (24 ml/min) was nearly com plete. Blacklock et al. (1986) infused radioactive io do antipyrine into the carotid artery of monkeys at low rates (0.2-0.4 ml/min, estimated to be 1-2% of total carotid flow) and at high rates (4 mllmin, or 20% of total carotid flow). Autoradiograms from the animals given slow intra-arterial infusions showed marked inhomogeneities not present in the animals given either rapid intra-arterial infusions of iodoan tipyrine or intravenous infusions of antipyrine. Re gions of excess distribution contained as much as 13 times the radioactivity present in regions of defi cient distribution. Saris et al. (1988) infused radio active iodoantipyrine into the carotid artery of rats at 0.45, 1.5, and 5.0 ml/min. Distribution was simi lar to that with intravenous infusion only in the an imals given 5.0 mllmin infusions.
To determine whether the results of these studies apply to the flow dynamics of the human carotid artery in vivo, we performed a quantitative study of mixing in the human carotid artery using eSO]H20 and positron emission tomography (PET). Each pa tient studied had a surgically implanted infusion pump connected to a catheter terminating at the carotid bifurcation ( Fig. 1) , implanted for infusion of BUdR (Greenberg et al., 1988) . In these patients, internal carotid infusion can be performed as a safe bedside procedure.
The primary variable quantified in this study was the uniformity ratio Ru, defined for each region in the carotid territory as the amount of [lsO]H20 de livered to that region divided by the amount of [150]H20 that would have been delivered if mixing were complete. If mixing were complete and distri bution were uniform, Ru would have a value of 1.0 throughout the carotid territory. If incomplete mix ing resulted in nonuniform distribution, Ru would average 1.0 but have values ranging above and be low 1.0.
METHODS

Patients
Seven patients aged 37-63 years (mean age of 48 years) with pathologically confirmed malignant gliomas were studied. Informed consent was obtained from all patients. This study was approved by the Institutional Review Board.
Catheters were inserted into a peripheral vein for infu sion of [150] HzO and into the radial artery for blood sam pling during cerebral blood flow (CBF) measurement. A needle was inserted percutaneously into the sideport of the pump, permitting infusions into the carotid artery. Brief neurological examinations were performed after each infusion. No complications were encountered. 
Positron emission tomography (PET)
PET scans were performed using a PCT 4600A PET tomograph that has a resolution for these studies of ap proximately 1. 2 x 1. 2 x 1. 0 cm. This tomograph simul taneously images five planes with center-to-center spac ing of 1. 15 cm. The patients were positioned such that the five planes encompassed the tumor bed as well as most of the cerebral hemispheres. Maintenance of the same head position was confirmed before each infusion using a laser system. Attenuation correction was calculated by ap proximating the shape of the head as an ellipse with cor rection for the skull and head holder. Images were recon structed using a 128 x 128 pixel matrix.
Venous and arterial [150]H20 infusions
Local CBF was assessed by a dynamic series of PET scans following intravenous infusion of 25-40 mCi of [150]H20. 150 has a half-life of 2. 04 min. Nine PET frames were recorded over 6 min including six frames of 20 s, two frames of 1 min, and one frame of 2 min. Radial artery blood radioactivity was measured using a flowthrough detector mounted near the patient's wrist (Hutchins et ai., 1986) . Calculation of local CBF is de scribed in the Appendix.
Arterial infusions were performed at four rates includ ing 0.5, 2. 0, 5. 0, and 10. 0 mllmin. An estimated 3 to 5 mCi of [150]HzO in heparinized saline was infused over 2 to 3 min using a syringe pump. Sixteen PET frames were re corded over 7 min beginning at the start of the infusion, including 12 frames of 20 s and 4 frames of 45 s.
The calculation of Ru from arterial and venous infu sions and the approach used for defining volumes of in terest are described in the Appendix.
Vinyl tubing experiments
To determine to what extent a local "jet effect" at the catheter tip might contribute to mixing, we infused a col ored solution through an Infusaid pump that had its cath eter implanted in a vinyl tube of 8 mm inside diameter. Water flowed through the tube at 250 ml/min, and the infusions through the catheter were performed at 0.5 and 10 ml/min.
RESULTS
Visual analysis of Ru images from five of the seven patients revealed no evidence for nonuniform distribution in a pattern suggestive of arterial terri tories. One patient had decreased distribution in a pattern consistent with the anterior cerebral artery (ACA) territory, with Ru values ranging 0.43 to 0.49 at the four infusion rates (Fig. 2) . Another patient had a small amount of distribution into the contra lateral ACA territory ( Fig. 3 ). Variability in Ru was greatest in the central regions of large tumors, where extremely low flow limited the accuracy of measurement of Ru (Fig. 3 ).
Three different approaches were used for quanti tative data analysis. The first approach was to ex amine the variability in Ru within the large volumes of interest averaging 295 ± 48 cm3 (mean ± SD). The coefficient of variation of Ru averaged 16.5 to 17.8% at all four infusion rates (Fig. 4,  Table O . Analysis of variance disclosed no relationship be tween the infusion rate and the coefficient of vari ation of Ru' The second approach was to examine the corre lation between local e50]H20 influx with arterial infusion and local e50]H20 influx with venous in jection. Influx with arterial infusion is given by Rufia, where!ia is the local CBF during arterial in fusion (further described in the Appendix). Influx with venous infusion is given by !iv, the local CBF during venous infusion. The correlation was evalu ated over the large volumes of interest described above. The overall correlation coefficients for all seven patients ranged from 0.78 to 0.82 at the four rates of infusion ( Fig. 5 , Table 1) , with no relation ship between correlation coefficient and infusion rate.
The third approach to data analysis was to exam ine Ru in the territories supplied by the three major branches of the carotid artery, the anterior, middle, and posterior cerebral arteries (ACA, MCA, and PCA, respectively) ( Fig. 6 , Table O . Excluding the ACA value for the previously mentioned patient with low Ru values in the ACA territory and the PCA values for three patients with negligible distri-FIG. 2. The eight images portray the contrast-enhanced computed tomographic scan fiv, RJia, the region of interest, and Ru at four different infusion rates, all from a single plane of the same patient. The scaling of fiv and RJia is arbitrary, and the color bar applies only to the Ru images. The coefficients of variation (CV) apply only to the plane shown. This patient's tumor was relatively small and located at a higher level. The distribution was fairly uniform at all rates of infusion except for decreased Ru in the ACA territory, thought to be related to convergence from the opposite internal carotid artery via the anterior communicating artery.
The variable Ru values in frontal scalp are in an area of extremely low flow, where calculation of Ru is not reliable.
FIG.
3. The layout of images is identical to that in Fig. 2 . This patient had a large tumor with low blood flow, and Ru was more variable in tumor regions with low flow than elsewhere in brain. There is a small amount of distribution into the contralateral ACA territory.
bution into the peA territory, the highest Ru value in any arterial territory in any patient was 1.15, and the lowest was 0.77. The root-mean-square differ ence between Ru values in each territory and the ideal value of 1.0 was 0.062, 0.096, 0.075, and 0.092 at 0.5,2,5, and 10 mllmin, respectively. There was no trend for Ru values to approach 1. 0 with increas ing infusion rate in any arterial territory.
In these patients, who have had their external carotid artery sacrificed, large regions of scalp are supplied by the ophthalmic artery. To determine whether the concentration of eSO]H20 in the oph thalmic artery equalled that going to brain, we mea sured Ru in scalp regions. In five patients, peaks in fi v and R.Jia in scalp could be clearly resolved and were thought to represent areas of increased flow associated either with the healing craniotomy site or with scalp inflammation resulting from BUdR treat ment. Results from these patients are summarized in Fig. 6D . Values of Ru ranged from 0.32 to 1.29.
There was no significant difference between the val ues at the four infusion rates and no clear trend for Ru values to approach 1.0 with increasing infusion rate.
The results of the infusions into the vinyl tubing are shown in Fig. 7 . At 0.5 mllmin, the colored so lution exited the catheter tip with virtually no trans verse component to its velocity, flowing from the catheter tip as a narrow column in the anterograde direction. At 10 mllmin, the colored solution exited a The coefficient of variation in a large volume of interest was calculated for each patient. The value shown is the geometric mean among seven patients.
b r was determined among the pixels in a large volume of interest for each patient. The value shown is an overall value among seven patients. the catheter as a narrow jet that was oriented across the stream and deflected off the opposite wall of the artery, causing local turbulence that resulted in uni form opacification 3 to 4 cm from the catheter tip.
DISCUSSION
The coefficient of variation of Ru ranged from 16.5 to 17.8% with no dependence on the infusion rate at rates ranging from 0. 5 to 10 mIlmin. Because the coefficient of variation of Ru includes variability due to error inherent in the method as well as vari ability due to any incompleteness of mixing, the coefficient of variation may be regarded as an upper limit to the variability in Ru that results from incom plete mixing, within the limits of resolution of our tomograph.
We believe that most if not all of the variability in Ru represents error inherent in our method. Sources of error include local changes in blood flow between the venous and arterial injections; error in measure ment of brain radioactivity with the PET tomograph and blood radioactivity with the blood detector; er ror in measurement of the shape of the input func tion for the arterial infusions (see the Appendix); residual edge effects in our regions of interest, de spite our efforts to minimize such errors; and error associated with recirculating e50]H20, which was not accounted for in our model. Convergence of flow from the internal carotid artery with flow from other sources, including the opposite internal ca rotid artery via the circle of Willis, may also be regarded as a source of error because convergence contributes to variability in Ru not caused by incom plete mixing. We do not have any independent means of estimating the total contribution of such sources of error to variability in Ru' However, the results of Lutz et al. (1986) and Blacklock et al. (1986) and our own experiments with the vinyl tub ing suggest that mixing should be nearly complete at 10 mIlmin. Because variability in Ru did not de crease at the higher infusion rates, it is likely that experimental error accounts for most of the vari ability and that incomplete mixing accounts for lit tle, if any, of the variability.
Another approach to analysis showed excellent correlation between local e50]H20 influx with ar terial infusion and influx with venous injection, with r values averaging 0.78-0.82. This indicates that the distribution of e50]H20 with arterial infusion at 0.5 to 10 ml/min was very similar to that with venous injection, where mixing of the e50]H20 with ca rotid artery blood is undoubtedly complete.
The third approach to quantitative analysis was to examine Ru values in the distributions of the ma jor branches of the internal carotid artery. Mixing continues to occur as blood moves distally in the arterial tree, and the range of concentrations present in distal arteries is necessarily smaller than in the internal carotid artery. Thus, if mixing were incomplete, differences in e50]H20 delivery should be most apparent between the major branches of the internal carotid artery. Little difference was found between the Ru values in the ACA, MCA, and PCA distributions in most patients, suggesting that mixing is nearly complete at the trifurcation of the internal carotid artery. In the one patient with decreased distribution in the ACA territory (Fig. 2) , we believe that the low Ru values resulted from con vergence via the anterior communicating artery rather than incomplete mixing, because the Ru val ues did not increase at faster infusion rates as would have been expected with incomplete mixing. Evi- dence of distribution into the opposite ACA terri tory in one patient supports this interpretation.
We think it is unlikely that the resolution of our tomograph prevented us from identifying a clini cally important degree of nonuniformity. In the study of Lutz et al. (1 986) in the acrylic model, nonuniform distribution was readily apparent in eight cerebral branches of the internal carotid ar tery. The study of Blacklock et al. (1986) in mon keys identified areas of excess and deficient con centration in regions of macroscopic, not micro scopic, dimensions. We found little difference between Ru values in the ACA, MCA, and PCA territories and were not able to identify areas of increased or decreased Ru in a pattern suggestive of major branches of these vessels, which we should be able to resolve readily. This finding suggests that only minimal differences in eSO]H20 concentration were present in the proximal branches of the inter nal carotid system. Because differences in concen tration should progressively become smaller in the more distal branches, it seems most unlikely that finer resolution would have disclosed nonuniform J Cereb Blood Flow Metab, Vol. 9, No.5, 1989 distribution. Furthermore, the high correlations ob served between influx with arterial infusion and in flux with venous injection suggest relatively com plete mixing as the major explanation for the low variability we observed in Ru; if limited resolution was in large part responsible for the low variability, we would not have observed such high correlations.
The first branch of the internal carotid artery is the ophthalmic artery, and Lutz et al. (1986) found it to have the most variable concentrations in their study in the acrylic model. To determine whether mixing was complete by the origin of the ophthal mic artery, we evaluated Ru in scalp regions thought to be supplied by the ophthalmic artery in our pa tients. In three patients, the relatively small devia tion of Ru from the ideal value of 1.0 (Fig. 6D ) sug gests that mixing in the internal carotid artery was nearly complete at the origin of the ophthalmic ar tery at all four infusion rates. In two patients, Ru values in scalp substantially less than 1.0 could rep resent convergence of blood supply from the ca rotid artery with supply from other arteries, or they could indicate incomplete mixing, but the failure of the values to approach 1.0 at faster infusion rates favors convergence.
The results of our experiment with the vinyl tub ing suggest that the orientation of the catheter tip does not account for our finding of relatively com plete mixing. The infusion rates we tested in the human carotid infusions, 0.5 to IO mllmin, effec tively spanned the entire range of possible "jet effects" at the catheter tip. At 0.5 ml/min, the fluid velocity of 2.6 cm/s at the catheter tip makes no apparent contribution to mixing, and it is therefore likely that slower infusions in our human subjects would have yielded similar results to those we ob tained at 0.5 mllmin. At IO mllmin, the fluid exits the catheter at 53 cm/s and creates marked local turbulence, probably insuring complete mixing; it is therefore likely that infusions faster than 10 mllmin in our human subjects would have yielded results similar to those we obtained at IO ml/min. Because our human experiments indicate no difference in distribution between infusion at 0.5 mllmin, where jet effects are absent, and infusion at IO mllmin, where a strong jet effect insures complete mixing, we believe that the nearly uniform distribution ob served depends only on natural patterns of flow within the carotid artery and not on local effects at the catheter tip.
Our results differ strikingly from those obtained by Lutz et al. (1986) in the acrylic model and Black lock et al. (1 986) in monkeys. In the report of Lutz et aI., the catheter position is described only as "supraophthalmic" and "infraophthalmic," and inhomogeneous distribution was found at both po sitions. Photographs in that report suggest that their infraophthalmic infusions were just below the si phon, and thus a much shorter length of artery was available for mixing than with our infusions at the bifurcation or with trans catheter infusions into the proximal internal carotid artery. Also, expansion and contraction of the artery during systole and diastole and the presence of red blood cells may play important roles in promoting mixing, but Lutz et al. were not able to incorporate these fea tures into their model. In the study of Blacklock et al., carotid injections were performed through a needle inserted directly into the cervical segment of the internal carotid artery, but the needle location was not described more fully. Possible explanations for the difference between their results in the mon key and our results in humans include partial occlu-sion of the artery by the needle, differences in the arterial length available for mixing, and anatomical differences between monkey and human carotid systems. Similar considerations apply to the study of Saris et al. (1988) in rats.
We believe that our results provide useful infor mation pertaining to clinical use of intracarotid drug infusion. Infusion into the internal carotid artery is most commonly performed via transfemoral cathe terization, with the catheter advanced 2 to 4 cm beyond the bifurcation. Because the distance avail able for mixing is 2 to 4 cm shorter than with our infusion system, we cannot rule out incomplete mixing with such infusions, but our finding of com plete mixing with infusion at the bifurcation does not support this possibility. For patients receiving BUdR by continuous infusion from the pump res ervoir, the infusate flows at approximately 0.003 mllmin, but it was not possible to test such slow rates in this study. However, because we found ex cellent mixing with 0.5 mllmin infusions in human subjects and because our infusions into the vinyl tubing demonstrated that jet effects make no appar ent contribution to mixing at 0.5 mllmin, we believe that mixing is also excellent at slower infusion rates such as that used for BUdR delivery.
APPENDIX
Parameter estimation
For both the intravenous and intra-arterial infu sions, parameter estimation was performed using a form of the Kety equation, modified for short-lived radionuclides:
where Cbrain(i, n is brain radioactivity at spatial 10cation i and time T, j(i) is local CBF (mIIlOO g/min) at location i, the input function Cblood(t) is blood radioactivity at time t, k(i) is the efflux constant (min -1) for movement of [150]H20 from tissue to blood at location i, and "11. is the decay constant for 150 (0 .34 min -1). For the intravenous infusions, Cblood(t) is explic itly measured. The variables hv and kiv (where the subscript iv indicates measurement during the intra venous e50]H20 infusion) are estimated by fitting to the brain and blood radioactivity data using a weighted integral lookup table approach (Alpert et aI., 1984) .
For the arterial infusions, the blood radioactivity is not assumed to be equal in all cerebral arteries, as with the intravenous water injection. Rather, the blood radioactivity delivered to any spatial location J Cereb Blood Flow Metab, Vol. 9, No. 5, 1989 i is directly proportional to Ru(i), according to the definition of Ru given above. Thus, the input func tion Cblood(t) is replaced as follows:
where Ru is unitless, U is a unitless constant, and CcatheterCt) is the activity exiting the pump outflow catheter at time t. CcatheterCt) was measured using the flowthrough positron detector during infusions performed through an isolated Infusaid pump at each of the four infusion rates. To register the tim ing of Ccatheter with that of Cbrain, the early portion of the brain coincidence count curve recorded at one second intervals was compared with the early portion of CcatheterCt) * ek t , where * represents the operation of convolution and k represents the decay constant from the late portion of the brain coinci dence count curve. The Kety equation for the intra arterial infusions then becomes
Local CBF is denoted as ha and the efflux constant as kia to indicate their derivation from the intra arterial infusions. The data from the arterial infu sions were fitted to this equation using the weighted integral lookup table approach (Alpert et aI., 1984) , resulting in estimates of the combined parameter Ruhau and of kia for each pixel. Parametric images of Ruu were generated by dividing the images of Ruhau from each arterial infusion by images of hv from the corresponding venous infusion study and assuming flow to be the same in both studies (J;v = ha). Since Ru must average 1.0 in the carotid terri tory, Ru was derived by normalizing Ruu measured in large volumes of interest from the cerebral hemi sphere to an average value of 1.0 to eliminate u. Because u drops out with normalization, Ruhau is hereafter referred to as Ruha.
Volume of interest definition
Large volumes of interest were defined including as much of the carotid territory as possible from all five planes, but excluding pixels from the perimeter of the carotid territory where partial volume effect could contribute to rolloff of Ru' Regions of interest were defined on images of Ruhalkia because this variable should approximate the water distribution volume. For each infusion rate, the sum of the Ruhal kia values from all five planes was normalized to the same value. For each plane, normalized images from all four infusion rates were then summed. In the resulting image, a threshold was set at 10% of the value from a large central region, and the region of interest was then defined 5 pixels (1.9 cm) inward from that threshold. We found that excluding a smaller margin at the edge of the brain increased the variability in Ru due to edge effects, while excluding a larger margin did not further decrease the vari ability. Occasionally, the threshold did not follow a contour similar to the anatomical shape of the brain, either because activity in scalp or skull (especially near the craniotomy site) or activity from the contralateral hemisphere (related to recirculating [150]H20) met the 10% threshold. In such cases, that portion of the contour was drawn by eye fol lowing the natural contour of the brain. The regions thus defined in the five planes were combined into a single large volume of interest. The identical vol ume was used for quantification of Ru at all rates of infusion. Within these volumes, mean values were calculated as the weighted mean of the region of interest values from the individual planes. Standard deviations and coefficients of variation were calcu lated using the formula
where SD is the overall standard deviation, SDj is the standard deviation in plane j, x is the overall mean, Xj is the mean in plane j, n is the number of pixels in the entire volume, and nj is the number of pixels in plane j. Quantification from these volumes of interest was performed on 64 x 64 pixel images. To determine whether analysis of images on a finer pixel grid would have produced different results, images from one patient were analyzed on a 128 x 128 pixel matrix and the results were compared to those from the same images analyzed on a 64 x 64 pixel matrix. The coefficients of variation of Ru from the 128 x 128 pixel images were never larger than 1.05 times those from the 64 x 64 pixel images.
V olumes of interest representing the anterior ce rebral artery (ACA), middle cerebral artery (MCA), and posterior cerebral artery (PCA) territories were defined using templates derived from Damasio (1983) with reference also to the reports by Berman et al. (1980 Berman et al. ( ,1984 and Hayman et al. (1981) . In de fining these territories, a 1.0 cm zone at the surface of the cerebral hemisphere was excluded to mini mize edge effects, and a 1.2 cm zone separating each arterial territory from the neighboring territory was excluded to minimize partial volume effects. These regions of interest were defined on 128 x 128 pixel images. The volumes of interest for ACA, MCA, and PCA averaged 22 ± 14, 88 ± 8, and 30 ± 6 cm3, respectively.
